Corrosion seriously limits the long-term application of Q235 carbon steel. Herein, a simple fabrication method was used to fabricate superhydrophobic surfaces on Q235 carbon steel for anticorrosion application. The combination of structure and the grafted low-surface-energy material contributed to the formation of superhydrophobic steel surfaces, which exhibited a water contact angle of 161.6 • and a contact angle hysteresis of 0.8 • . Meanwhile, the as-prepared superhydrophobic surface showed repellent toward different solutions with pH ranging from 1 to 14, presenting excellent chemical stability. Moreover, the acid corrosive liquid (HCl solution with pH of 1) maintained sphere-like shape on the as-prepared superhydrophobic surface at room temperature, indicating superior corrosion resistance. This work provides a simple method to fabricate superhydrophobic steel surfaces with chemical stability and corrosion resistance.
Introduction
Q235 carbon steel, medium-low strength steel with low-cost, has a large number of applications in industrial fields, especially in marine environment [1] . However, Q235 carbon steel is prone to corrosion, especially in a neutral or acidic environment. The natural environment, including the atmosphere, water, and soil, is usually neutral or weakly acidic to induce serious corrosion of Q235 carbon steel [2, 3] . In order to inhibit corrosion of Q235, various methods have been applied for improving anti-corrosion performance of Q235. Among them, cathodic protection and anti-corrosion coatings are widely used to prevent corrosion. However, the high cost and the consumption of non-ferrous metals limited the applications of cathodic protection technology. Anti-corrosion coatings could effectively isolate or inhibit the direct contact between the protected metals and the corrosive media by their shielding and resistance effect to slow the corrosion rate of the protected metal [4] . At present, there were various methods used to prepare anti-corrosion surfaces on metal substrates, including chemical etching [5] , electrochemical deposition [6] , anodizing [7] , sol-gel [8] , thermal oxidation [9] , laser structuration [10] , and thermal spraying [11] . The superhydrophobic surfaces have a very important position as a kind of anti-corrosion coating. The strong repellent ability against water of the superhydrophobic surface can greatly reduce the contact area of corrosive liquid and the surface, and hinder the migration of corrosive ions to metal materials, leading to a decrease in the corrosion rate of materials [12] . Chen et al. fabricated a superhydrophobic aluminum surface on steel substrate by suspension flame spraying in large-scale fabrication [13] . The superhydrophobic aluminum surface showed excellent anticorrosive performance with a contact angle of 151 • . Xiang et al. prepared a superhydrophobic surface on mild steel. The fabrication process involved two steps, including formation of porous ZnO coatings and modification of myristic acid [14] . These studies were based on coatings to achieve superhydrophobicity. However, adhesion strength between the coatings and the substrate was a big problem which needs to be solved. Kietzig et al. fabricated dual scale roughness structures on different metals by femtosecond laser irradiation to achieve a hydrophobic surface with a contact angle above 150 • [10] . Jagdheesh et al. used a nanosecond laser light source on the stainless-steel plate to produce a single roughness micropattern. The as-prepared surface showed excellent superhydrophobicity with a roll-off angle of 5 • and a static contact angle of 180 • [15] . However, this method needs special equipment.
In our study, superhydrophobic surface on Q235 carbon steel was prepared by a two-step process, involving the formation of an irregular needle-like structure and fluorination treatment. The morphology of the needle-like microstructure was in-situ formed by chemical etching on carbon steel. The combination of structured surface and low surface material contributed to the formation of the superhydrophobic surface. The anti-wetting performance of the as-prepared superhydrophobic surface was further studied. The results demonstrated that the superhydrophobic surface exhibited a high water-contact angle (~161.6 • ) and a low contact angle hysteresis (~0.8 • ), suggesting the Cassie-Baxter state on the surface. Meanwhile, the bounce phenomenon of water droplets on the surface was photographed. More importantly, the as-prepared samples could maintain good hydrophobic properties toward the acid solution and base solution with pHs ranging from 1 to 14. The corrosion resistance to acid solution of the as-prepared superhydrophobic surface was also examined. The inspiring results might provide insight into developing superhydrophobic surfaces on iron substrates for enhanced performances.
Materials and Methods

Materials
The commercially available Q235 carbon steel (GB, containing element content: Fe ≥ 98.675%, C 0.14%~0.22%, Mn 0.30~0.65%, Si ≤ 0.210%, S ≤ 0.200%, P ≤ 0.045%) with a diameter of 10 mm and a thickness of 3 mm were used. (1H,1H,2H,2H-perfluorodecyl)-triethoxysilane (PFTEOS, 97%) was purchased from Aladdin Industrial Corporation (Shanghai, China). All chemicals were used as received without any further purification.
Sample Preparation
Q235 carbon steel discs were polished and washed by ethanol and deionized water, subsequently drying with flowing nitrogen. Q235 carbon steel discs were placed in Piranha solution at 35 • C for 15 min and then washed by deionized water for three time. Piranha solution was prepared by mixing concentrated sulfuric acid (95.0%~98.0%, AR) and hydrogen peroxide (30%, AR) in a volume ratio of 7:3. Finally, the treated steels were soaked in the 1% (v/v) ethanol solution of PFTEOS at 35 • C for 24 h, and then drying with nitrogen.
Characterization
To demonstrate the specific microstructure of the sample surface, a preliminary observation of the sample surface was performed using a field scanning electron microscope (FESEM, Zeiss Ultra Plus, Heidenheim, Germany). The roughness of samples was tested by a contourgraph (Huazhong University of Science and Technology, Wuhan, China). Analysis of the elemental composition of the sample surface was using energy-dispersive spectroscopy (EDS, Oxford, Abingdon, UK) at an accelerating voltage of 8 kV. Further analysis of the chemical composition of the sample was by X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi, Waltham, MA, USA) using Al-Kα as the radiation source. The contact angle of the samples and controls were measured by a contact angle meter (Dataphysics OCA 15EC, Stuttgart, Germany). The contact angle of the sample toward acid solutions and base solutions was measured using a standard solution of pH ranging from 1 to 14 to Coatings 2019, 9, 398 3 of 10 evaluate the surface anti-wetting properties of the sample under acidic and alkaline conditions. The droplet size used to measure the water contact angle was 3 µL. Meanwhile, the bounce phenomenon of the droplet on the surface of the sample was observed and photographed with the droplet size of 5 µL. The contact angle hysteresis was calculated by adding and shrinking a small drop of deionized water (drop volume, 9 µL) on the surface. The image analysis system was used to digitally record and measure the advancing contact angle and the receding contact angle. The difference between advancing contact angle and the receding contact angle determined water contact angle hysteresis.
Electrochemical measurements were obtained in 3.5 wt % NaCl solution by a CS300 electrochemical workstation with a standard three-electrode cell (CorrTest Instrument Co., Ltd., Wuhan, China). The saturated calomel electrode was used as the reference electrode. The platinum foil of 10 × 10 mm 2 surface area was used as a counter electrode. The working electrode with a circular exposed area of 0.785 cm 2 . Electrochemical impedance spectra were carried out with signals of 10 mV amplitude in the frequency spectrum ranging from 100 kHz to 0.01 Hz. Potentiodynamic polarization curves were acquired with the potential range of −200 mV to 200 mV versus E ocp at a scan rate of 1 mV/s. The corrosion potential (E corr ) and the corrosion current density (I corr ) were calculated by CView 2.6. Figure 1 showed the morphological features of the polished Q235 carbon steel and the structured Q235 carbon steel. The polished carbon steel was very smooth with an average roughness (R a ) of 39 nm (Figure 1a) . The polished Q235 carbon steel substrates were immersed into the Piranha solution to obtain the structured surface. The addition of H 2 O 2 in the acid solutions could accelerate the etching process and oxidation reactions [16] . The etching process of H 2 O 2 and H 2 SO 4 resulted in the microstructures on the Q235 carbon steel. The structured Q235 carbon steel exhibited a rough surface with complex and regular needle-like microstructures (Figure 1(b-1) ). The needle-like microstructures were about 200 nm in length and 10 nm in width, resulting in nano-pores with diameter of 100 nm. The roughness significantly increased to 491 nm. The further grafting of PFTEOS on the structured Q235 carbon steel surface slightly reduced the roughness to 423 nm. Moreover, the topography of the structured surface after modification of PFTEOS was similar with that of structured Q235 carbon steel surface (Figure 1c) . The microstructures provided enough space to entrap air layer, which was an important factor to construct superhydrophobic surface.
Results and Discussion
The other factor that contributes to the surface wetting properties is the chemical compositions of the surface. The EDS results of polished Q235 carbon steel surface, structured Q235 carbon steel surface and structured surface after modification of PFTEOS were showed in Figure 2 To further analyze the composition of structured surfaces before/after modified PFTEOS, XPS analyses of the surfaces were employed ( Figure 3 ). The elemental compositions of the structured Q235 carbon steel surface was Fe, O, C (Figure 3(a-1) ). While, the extra elements F and Si appeared on the structured steel surface after modification of PFTEOS, indicating that PFTEOS were successfully attached to the substrate surface after modification ( Figure 3(b-1) ). The O 1s spectra of the structured Q235 carbon steel surface resolved into two components, namely C-O (530.98 eV) and FeOOH (529.68 eV) ( Figure 3 (a-2)), indicating that FeOOH can be formed on the surface of Q235 carbon steel after the chemically etched by Piranha solution. The C 1s spectrum acquired from the structured Q235 carbon steel surface, was resolved into three components, namely C-C/C-H (284.60 eV), C-O (286.10 eV) and C=O (288.22 eV) [17] (Figure 3(a-3) ). However, the spectra of the structured surface after modification of PFTEOS were different. The O 1s spectra of the structured steel surface after modification of PFTEOS resolved into C=O (532.60 eV) and Fe-O-Si (530.75 eV) ( Figure 3(b-2) ). The C 1s spectrum was resolved into three components, namely C-C/C-H (284.94 eV), C-O (286.01 eV) and (Figure 3(b-2) ). The hydrolysis reaction between the silicon ethyoxyl (Si-OCH 2 CH 3 ) of PFTEOS and the hydroxyl group in FeOOH on the surface was to form a self-assembled film by stable chemical binding. These results indicated that the PFTEOS was successfully chemical bonding to the carbon steel surface. As a result, the CF 3 and CF 2 groups were rich in the surface, which could improve the hydrophobic properties of Q235 carbon steel.
The corrosion potential (Ecorr) and the corrosion current density (Icorr) were calculated by CView 2.6. Figure 1 showed the morphological features of the polished Q235 carbon steel and the structured Q235 carbon steel. The polished carbon steel was very smooth with an average roughness (Ra) of 39 nm ( Figure 1a) . The polished Q235 carbon steel substrates were immersed into the Piranha solution to obtain the structured surface. The addition of H2O2 in the acid solutions could accelerate the etching process and oxidation reactions [16] . The etching process of H2O2 and H2SO4 resulted in the microstructures on the Q235 carbon steel. The structured Q235 carbon steel exhibited a rough surface with complex and regular needle-like microstructures (Figure 1b-1) . The needle-like microstructures were about 200 nm in length and 10 nm in width, resulting in nano-pores with diameter of 100 nm. The roughness significantly increased to 491 nm. The further grafting of PFTEOS on the structured Q235 carbon steel surface slightly reduced the roughness to 423 nm. Moreover, the topography of the structured surface after modification of PFTEOS was similar with that of structured Q235 carbon steel surface (Figure 1c) . The microstructures provided enough space to entrap air layer, which was an important factor to construct superhydrophobic surface. The other factor that contributes to the surface wetting properties is the chemical compositions of the surface. The EDS results of polished Q235 carbon steel surface, structured Q235 carbon steel surface and structured surface after modification of PFTEOS were showed in Figure 2 . The polished Q235 carbon steel surface only contained element Fe (Figure 2a) . The structured Q235 carbon steel surface contained element Fe, O and C (Figure 2b ). It was obvious that the structured steel surface after modified PFTEOS consisted of elements Fe, F, and Si (Figure 2c ), indicating that PFTEOS has been successfully grafted on the surface of the sample. To further analyze the composition of structured surfaces before/after modified PFTEOS, XPS analyses of the surfaces were employed (Figure 3) . The elemental compositions of the structured Q235 carbon steel surface was Fe, O, C (Figure 3a-1) . While, the extra elements F and Si appeared on the structured steel surface after modification of PFTEOS, indicating that PFTEOS were successfully attached to the substrate surface after modification (Figure 3b-1) . The O 1s spectra of the structured Q235 carbon steel surface resolved into two components, namely C-O (530.98 eV) and FeOOH (529.68 eV) (Figure 3a-2) , indicating that FeOOH can be formed on the surface of Q235 carbon steel after the chemically etched by Piranha solution. The C 1s spectrum acquired from the structured Q235 carbon steel surface, was resolved into three components, namely C-C/C-H (284.60 eV), C-O (286.10 eV) and . XPS spectra detected from structured Q235 carbon steel surface: the XPS survey spectra (a-1), O 1s spectra (a-2) and C 1s spectra (a-3) and structured surface after modification of PFTEOS: the XPS survey spectra (b-1), O 1s spectra (b-2), C 1s spectra (b-3), F 1s spectra (b-4) and Si 2p spectra (b-5). All spectra were corrected to the polluted C 1s spectra.
Water contact angle (WCA) and contact angle hysteresis (CAH) were utilized to characterize the hydrophobic properties of the sample surfaces. The water contact angles of polished steel surface and the polished steel surface with grafted PFTEOS were 90.3° and 99.1°, respectively (Figure 4a,b) . WCA and CAH before and after PFTEOS modification were shown in Figure 4c ,d. It could be clearly seen that the hydrophobic properties of the structured steel surface after modification of PFTEOS are much better than those of the structured Q235 carbon steel (Figure 4 ). The structured sample modified by PFTEOS has a WCA of 161.6° ± 0.5° and a CAH of 0.8° ± 0.5° (Figure 4d ), which was a superhydrophobic surface. High WCA and low CAH indicated that the modified surface was in the Cassie-Baxter state. The surface of the structured surface is a rough surface with microstructure (Figure 4d ), which provided enough space for the solid surface to lock the air and form an air layer. This air layer can effectively isolate the direct contact between the solid surface and the liquid to achieve hydrophobicity. According to the formula given by the Cassie-Baxter model definition [19] , the percentage of solid surface area and gas-liquid area on the surface of the object can be calculated.
cos θr = f1cos θ -f2 θr: the contact angle on the structured surfaces after modification. θ: the contact angle on the smooth surface after modification. f1: The surface area of the liquid in contact with solid divided by the projected area. f2: The surface area of the liquid in contact with air divided by the projected area.
Water contact angle of polished surface after modification is 99.1° ± 0.5° and the water contact angle of the structured surface after modification is 161.6° ± 0.5°. It is known that f1 + f2 = 1. After Figure 3 . XPS spectra detected from structured Q235 carbon steel surface: the XPS survey spectra (a-1), O 1s spectra (a-2) and C 1s spectra (a-3) and structured surface after modification of PFTEOS: the XPS survey spectra (b-1), O 1s spectra (b-2), C 1s spectra (b-3), F 1s spectra (b-4) and Si 2p spectra (b-5). All spectra were corrected to the polluted C 1s spectra.
Water contact angle (WCA) and contact angle hysteresis (CAH) were utilized to characterize the hydrophobic properties of the sample surfaces. The water contact angles of polished steel surface and the polished steel surface with grafted PFTEOS were 90.3 • and 99.1 • , respectively (Figure 4a,b) . WCA and CAH before and after PFTEOS modification were shown in Figure 4c ,d. It could be clearly seen that the hydrophobic properties of the structured steel surface after modification of PFTEOS are much better than those of the structured Q235 carbon steel (Figure 4 ). The structured sample modified by PFTEOS has a WCA of 161.6 • ± 0.5 • and a CAH of 0.8 • ± 0.5 • (Figure 4d ), which was a superhydrophobic surface. High WCA and low CAH indicated that the modified surface was in the Cassie-Baxter state. The surface of the structured surface is a rough surface with microstructure (Figure 4d ), which provided enough space for the solid surface to lock the air and form an air layer. This air layer can effectively isolate the direct contact between the solid surface and the liquid to achieve hydrophobicity. According to the formula given by the Cassie-Baxter model definition [19] , the percentage of solid surface area and gas-liquid area on the surface of the object can be calculated. cos θ r = f 1 cos θ − f 2 θ r : the contact angle on the structured surfaces after modification. θ: the contact angle on the smooth surface after modification. f 1 : The surface area of the liquid in contact with solid divided by the projected area.
The surface area of the liquid in contact with air divided by the projected area.
Water contact angle of polished surface after modification is 99.1 • ± 0.5 • and the water contact angle of the structured surface after modification is 161.6 • ± 0.5 • . It is known that f 1 + f 2 = 1. After calculation, f 1 is about 6.1%, and f 2 is about 93.9%. The contact area between the air and the liquid on the surface of the modified sample is much larger than the contact area between the solid and the liquid, which suggested that the superhydrophobic surface has been achieved. Therefore, the microstructure and the modification of PFTEOS contribute to the superhydrophobicity of Q235 carbon steel, resulting in an air layer to reduce the solid-liquid contact area.
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To visually exhibit the superhydrophobicity and anticorrosion performance of the superhydrophobic Q235 carbon steel, a highly corrosive liquid droplet (pH = 1 HCl + CuSO 4 ) was dropped onto the untreated Q235 carbon steel, structured Q235 carbon steel, superhydrophobic Q235 carbon steel (Figure 8 ). It could be seen that the untreated Q235 carbon steel began to corrode at 10 s and the corrosion area gradually increased in the 60 s (Figure 8a ). The structured samples had a certain corrosion resistance. The damage of the structured Q235 carbon steel occurred after contact with the corrosive liquid droplet for 7 min. The ball-like shape of the droplets was not be maintained, and the color of the corrosive liquid droplets turned to reddish brown, indicating the formation of ferric ions (Figure 8b ). The oxidation film on the structured Q235 carbon steel caused by the H 2 O 2 in H 2 SO 4 solution could have contributed to the corrosion resistance [22] . Therefore, the structured Q235 carbon steel had better anticorrosion performance than the untreated Q235 carbon steel. However, the droplets of the highly-corrosive liquid solution on the superhydrophobic Q235 carbon steel retained their sphere-like shape for at least 10 min (Figure 8c) . The results demonstrated that the superhydrophobic Q235 carbon steel was greatly stable toward acid solutions. The air layer captured on the superhydrophobic Q235 carbon steel could isolate the corrosive liquid droplet and the substrate to obtain corrosion resistance. To evaluate the corrosion resistance of the superhydrophobic surface, the EIS and potentiodynamic polarization curves were performed. EIS analyses were used to assess their corrosion resistances and the Nyquist plots were shown in Figure 7a . The impedance of superhydrophobic Q235 carbon steel is much higher than those of the untreated Q235 carbon steel and structured Q235 carbon steel, indicating that the corrosion resistance of superhydrophobic samples is better than the other samples [20] . The potentiodynamic polarization results were consistent with the results obtained from EIS. The potentiodynamic polarization results were shown in Figure 7b . In the polarization curves, the lower Icorr and higher Ecorr indicates the higher corrosion resistance [21] . The Icorr of the superhydrophobic Q235 carbon steel is about 0.577 μA/cm 2 , which is much lower than those of the untreated Q235 carbon steel (6.601 μA/cm 2 ) and structured Q235 carbon steel (3.917 μA/cm 2 ). Meanwhile, the Ecorr of the superhydrophobic Q235 carbon steel is positiveshifting comparing with the other samples. The results suggest that the superhydrophobic Q235 carbon steel samples exhibit excellent corrosion resistance. To visually exhibit the superhydrophobicity and anticorrosion performance of the superhydrophobic Q235 carbon steel, a highly corrosive liquid droplet (pH = 1 HCl + CuSO4) was dropped onto the untreated Q235 carbon steel, structured Q235 carbon steel, superhydrophobic Q235 carbon steel (Figure 8 ). It could be seen that the untreated Q235 carbon steel began to corrode at 10 s and the corrosion area gradually increased in the 60 s (Figure 8a ). The structured samples had a certain corrosion resistance. The damage of the structured Q235 carbon steel occurred after contact with the corrosive liquid droplet for 7 min. The ball-like shape of the droplets was not be maintained, and the color of the corrosive liquid droplets turned to reddish brown, indicating the formation of ferric ions (Figure 8b ). The oxidation film on the structured Q235 carbon steel caused by the H2O2 in H2SO4 solution could have contributed to the corrosion resistance [22] . Therefore, the structured Q235 carbon steel had better anticorrosion performance than the untreated Q235 carbon steel. However, the droplets of the highly-corrosive liquid solution on the superhydrophobic Q235 carbon steel retained their sphere-like shape for at least 10 min (Figure 8c ). The results demonstrated that the superhydrophobic Q235 carbon steel was greatly stable toward acid solutions. The air layer captured on the superhydrophobic Q235 carbon steel could isolate the corrosive liquid droplet and the substrate to obtain corrosion resistance. 
Conclusions
Our study proposed a simple and efficient to fabricate superhydrophobic surface on Q235 carbon steel. The surface of Q235 carbon steel was chemically etched by Piranha solution to produce FeOOH with microstructure and then PFTEOS could graft onto the surface by covalent bonding with FeOOH. The microstructure and modification of PFTEOS resulted in superhydrophobic surface on Q235 carbon steel. The as-prepared surface could show repellent toward water, acid solutions, and alkaline solutions. Meanwhile, the superhydrophobic surface on Q235 carbon steel was in CassieBaxter state, which the existed air layer could isolated solid-liquid interface to inhibit corrosion. This 
Our study proposed a simple and efficient to fabricate superhydrophobic surface on Q235 carbon steel. The surface of Q235 carbon steel was chemically etched by Piranha solution to produce FeOOH with microstructure and then PFTEOS could graft onto the surface by covalent bonding with FeOOH. The microstructure and modification of PFTEOS resulted in superhydrophobic surface on Q235 carbon steel. The as-prepared surface could show repellent toward water, acid solutions, and alkaline solutions. Meanwhile, the superhydrophobic surface on Q235 carbon steel was in Cassie-Baxter state, which the existed air layer could isolated solid-liquid interface to inhibit corrosion. This provides a reference for future research on steel corrosion protection.
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